Introduction {#s1}
============

Pulmonary surfactant protein (SP) A and SP-D belong to a group of collagen-like C-type or Ca^2+^-dependent lectins called collectins. The structure of SP-A consists of a glycosylated collagenous domain and a globular COOH-terminus (lectin) carbohydrate recognition domain (CRD). The CRD of SP-A recognizes oligosaccharide moieties on various pathogens to facilitate their clearance. SP-A enhances bacterial clearance by opsonization, enhancing phagocytosis, or by permeabilizing the bacterial membrane \[[@B1]\]. The role of SP-A in pathogen clearance is supported by the impaired bacterial clearance, exaggerated inflammatory response and increased oxidative injury observed in the lungs of SP-A deficient (SP-A-/-) mice following bacterial infection \[[@B2]\].

*Pseudomonas aeruginosa* (PA), a Gram negative bacteria, is an important pathogen in patients with cystic fibrosis lung disease or ventilator associated pneumonia. SP-A enhances PA clearance by either serving as an opsonin to promote PA phagocytosis \[[@B3]\] or by directly permeabilizing its membrane \[[@B1]\]. Following intra-tracheal PA infection, phagocytosis and bacterial clearance are impaired in SP-A-/- mice, which is associated with increased inflammation in the lungs \[[@B4]\]. Flagella play a role in PA pathogenicity, as it is a significant virulence factor \[[@B5]\] but also contributes to the pulmonary clearance of the organism \[[@B6]\]. SP-A enhances phagocytosis of wild type PA but not a PA flagellum-deficient mutant *flgE* \[[@B7]\].

Flagellin, the major structural protein of bacteria flagella, signals through Toll-like receptor (TLR)-5, stimulating the release of pro-inflammatory mediators such as tumor necrosis factor alpha (TNF-α), pro-interleukin (IL)-1β, IL-6 and IL-8. Flagellin functions as a ligand binding to TLR-5 resulting in nonopsonic phagocytosis of PA \[[@B6],[@B8],[@B9]\]. TLR-5 binding activates a MyD88-dependant signaling pathway resulting in activation of a variety of cellular signaling kinases including mitogen-activated protein (MAP) kinase p38, extracellular regulated kinase (ERK) and inhibitor of κB (IκB) kinase (IKK). IKK phosphorylates the inhibitory protein IκBα, resulting in its dissociation from NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) which then translocates to the nucleus and binds the DNA, activating the transcription of genes for pro-inflammatory cytokines, such as pro-IL-1β. Pro-IL-1β can then be further processed into active IL-1β by a complex known as the inflammasome.

In addition to binding extracellular TLR-5, the flagellin protein stimulates inflammatory cytokine production through the intracellular NLRC4 (nucleotide-binding domain, leucine-rich repeat (NLR), caspase activation and recruitment domain (CARD)-containing 4) inflammasome pathway \[[@B10],[@B11]\]. NLRC4, also known as IL-1β-converting enzyme (ICE) protease activating factor (IPAF), is important for PA flagellin-mediated activation of caspase-1 \[[@B12]\]. Flagellin is introduced into the cytosol, possibly via a type III secretion system (TTSS) or by the phagosome, and ultimately results in NLRC4 oligomerization, forming a large multi-protein complex known as an inflammasome, which is capable of activating IL-1β-converting enzyme known as caspase-1. Once activated, caspase-1 is capable of initiating a proinflammatory programmed cell death, known as pyroptosis, and also cleaves pro-IL-1β into its mature form.

Although there is clear evidence that phagocytosis of PA is impaired in the lungs of SP-A-/- mice, it remains unclear if this is due to mechanisms other than pathogen opsonization. The present study was undertaken to identify if SP-A binds to flagella as a mechanism to enhance PA phagocytosis and regulate the expression of pro-inflammatory cytokines in the lung in response to PA infection.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2.1}
----------------

Animals were housed and studied under the approval and supervision of the University of Michigan's University Committee on Use and Care of Animals (UCUCA, protocol number: PRO00004733), and in concordance with Unit for Laboratory Animal Medicine (ULAM) guidelines, in the animal facilities of the University of Michigan. University of Michigan's UCUCA received AAALAC (Council on Accreditation of the Association for Assessment and Accreditation of Laboratory Animal Care) International approval on 01/27/12, USDA number 34-R-0001 (PHS Assurance: A3114-01, Exp 09/30/15). Human SP-A was purified from bronchoalveolar lavage fluid obtained from patients with alveolar proteinosis at the University of Cincinnati, where a formal written waiver was approved by the University of Cincinnati Institutional Review Board (Federalwide Assurance (FWA) number: 00003152) deeming consent unnecessary due to routine discarding of the fluid.

Animal Husbandry {#s2.2}
----------------

The murine SP-A gene locus was targeted by homologous recombination as previously described, the lungs of SP-A-/- mice are lacking detectable SP-A \[[@B13]\]. SP-A-/- and SP-A+/+ mice were maintained in strain C57BL/6. Eight sex-matched male and female mice of approximately 20-25 grams (42-56 days old) were used per experiment.

Preparation of Bacteria and Flagellin {#s2.3}
-------------------------------------

The wild type strain PAK, a commonly studied *P. aeruginosa* strain, and the PAK flagella-deficient *fliC* mutant were kindly provided by R. Ramphal (University of Florida, Gainesville, Fl). Bacteria for intra-tracheal inoculations were prepared as previously described \[[@B4]\]. Mice were infected with 1x10^8^ cfu of PAK or *fliC*. Bacteria for labeling were grown overnight in Luria-Bertani (LB) broth. The suspension was pelleted at maximum speed in a microfuge, resuspended in 0.9ml PBS (pH 7.2), and heated to 95°C for 10 minutes to kill the bacteria. The heat-killed bacteria were pelleted and resuspended in 1ml of 0.1M sodium carbonate (pH 9.0). Fluorescein isothiocyanate (FITC, Molecular Probes, Eugene, OR) was added as a 10mg/ml stock in dimethyl sulfoxide (DMSO) to a final concentration of 0.01mg/ml, and the suspension was incubated for 1 hour in the dark at room temperature with gentle agitation. Labeled bacteria were washed 4 times for 5 minutes with PBS (pH 7.2) to remove unconjugated fluorophore, diluted in PBS and then stored in aliquots of 100µl at -80°C.

PAK flagella were purified after overnight culture in LB broth. The broth was centrifuged at 4000rpm for 15 minutes and resuspended in 100ml of cold PBS containing 10mM MgCl~2~. The flagella were removed from the cells by shearing at low speed in a commercial blender for 2 minutes, followed by centrifugation at 10,000rpm for 30 minutes at 4°C. The flagella was then pelleted by ultracentrifugation at 10,000rpm for 5 hours at 4°C, resuspended in 1ml of PBS with 10mM MgCl~2~ and dialyzed in cold PBS containing 10mM MgCl2 at 4°C for 72 hours, using a Slide-a-Lyzer G2 dialysis cassette (Pierce, Rockford, IL). Protein purification was confirmed as a single band following the Coomassie blue technique of Bradford and protein concentration was determined using a bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL).

SP-A Isolation {#s2.4}
--------------

Human SP-A, obtained from patients with alveolar proteinosis, was purified by the 1-butanol extraction method of Haagsman et al. \[[@B14]\] and dissolved in NaHEPES (pH 7.2). Endotoxin contamination was not detected in SP-A preparations (\< 0.06 EU/ml) using the Limulus Amoebocyte Lysate assay (Sigma, St. Louis, MO) according to the manufacturer\'s directions. Collagenase treated SP-A was prepared by incubation of 100µg of SP-A in 50mM Tris-HCL, 1mM EDTA, 100mM NaCl, 0.36mM CaCl~2~ (pH 7.4) buffer containing 187.5 units of collagenase (Sigma, St. Louis, MO) at 37°C for 72 hours. Deglycosylated SP-A (100µg) was prepared by incubating SP-A in 100mM NaH~2~PO~4~, 10mM Na~2~EDTA (pH 6.1) buffer containing 1000 units of peptide N-glycosidase F (New England Biolabs, Ipswich, MA) at 37°C for 72 hours. Samples were then centrifuged in a 30-kDa molecular mass cutoff Centricon column (Millipore, Billerica, MA) and digests were analyzed by SDS-PAGE on a 10-20% Tris-glycine gel. SP-A was fluorescently labeled by incubating 1µg of SP-A with 0.1M sodium bicarbonate (pH 9.0) and 0.03 µg of Alexa Fluor 488 carboxylic acid succinimidyl ester (Molecular Probes, Invitrogen, Grand Island, NY) at room temperature for 3 hours, followed by dialysis against 5mM HEPES buffer (pH 7.2) for 72 hours at 4°C to remove unbound label.

Binding of SP-A to Flagellin {#s2.5}
----------------------------

Flagellin (20µg/ml) was incubated overnight at 4°C in 100µl of 0.1M sodium bicarbonate (pH 8.5) in 96-well plates. The plates were washed twice with Tris-buffered saline (TBS, pH 7.4). The plates were then treated with 5% bovine serum albumin and 5% human albumin in TBS for 20 minutes at room temperature, followed by two additional washes with TBS. Alexa fluor 488-labeled SP-A, in concentrations from 2.5-20µg/ml, was added in 100µl of plating buffer (5mM HEPES, 1% bovine serum albumin in Tyrode\'s salt solution). The plates were incubated for 1 hour at 37°C, washed twice with TBS and the fluorescence determined by fluorometry. Additional experiments were performed with 20µg/ml of Alexa-fluor 488-labeled collagenase or N-glycosidase treated SP-A.

Binding of SP-A to Scavenger Receptors {#s2.6}
--------------------------------------

Protein purified from transfected High Five insect cells, using a ANTI-FLAG M2 Affinity gel (Sigma, St. Louis, MO), for the scavenger receptors macrophage scavenger receptors (SRA I and SRAII) or recombinant macrophage receptor with collagenous structure (MARCO) (R&D Systems, Minneapolis, MN) or bovine serum albumin as a control were bound to a 96 well plate overnight at 4°C in 50 mM Na~2~CO~3~, pH 9.5 at a concentration of 25 ng/ml. FITC labeled SP-A (prepared in a manner analogous to that described for bacteria above) at a concentration of 20µg/ml was then added to the wells and incubated for 2 h. Wells were washed 3 times with TBS buffer and fluorescence was determined by fluorometry as a measure of binding activity.

Phagocytosis Assay {#s2.7}
------------------

Phagocytosis by alveolar macrophages *in vivo* was measured by intra-tracheally infecting mice by catheter intubation, retracting the tongue to obstruct the esophagus, with FITC labeled PAK or *fliC*, followed by evaluation of internal cell-associated fluorescence by flow cytometry. Two hours after infection, macrophages from bronchoalveolar lavage (BAL) were resuspended in buffer (PBS, 0.2% BSA fraction V, 0.02% sodium azide) and then trypan blue (0.2mg/ml) was added to quench fluorescence of extracellular FITC for at least 15 minutes. Phagocytosis of flagellin was determined by isolating alveolar macrophages from SP-A+/+ and SP-A-/- mice, incubating the cells in buffer for 2 hours with FITC labeled flagellin, washing the cells and then trypan blue (0.2mg/ml) was added to quench fluorescence of extracellular FITC. Cell associated fluorescence for both experiments was measured on a FACScan flow cytometer, using CELLQuest software (Becton Dickinson, San Jose, CA). For each sample of macrophages, 20,000 cells were counted in duplicate and the results expressed as the percentage of macrophages with label, all macrophages were gated.

MH-s Cell Stimulation {#s2.8}
---------------------

The MH-s murine alveolar macrophage cell line was purchased from the American Type Culture Collection (Manassas, VA). The cells were maintained in RPMI 1640 with 10% fetal bovine serum. The MH-s cells were adhered to six well tissue culture plates at a concentration of 1x10^6^ cells/ml overnight in 5% CO~2~ at 37°C. The following day the media was aspirated and 1ml of serum-free RPM1 1640 media, enriched with 2mM of CaCl, was added with either 2µg/ml of flagellin, 20µg/ml of SP-A or both the flagellin and SP-A. The cells incubated for 20 minutes or 60 minutes at 37°C. The media was then collected, centrifuged at 10,000rpm for 10 minutes and the supernatants were stored at -20°C. The cell pellets were washed with sterile PBS and cell lysis buffer was added followed by incubation of the pellet for 15 minutes on ice.

Cytokine Production {#s2.9}
-------------------

Tumor necrosis factor alpha (TNF-α), interleukin (IL)-1β and IL-6 were quantitated in BAL fluid 6 and 24 hours following infection of the mice with PAK or *fliC*, or following an hour stimulation of MH-s cells. TNF-α, IL-1β, IL-6 were measured using murine sandwich ELISA kits (R&D systems, Minneapolis, MN) according to the manufacturer's directions, which included measuring technical duplicates of each sample. All plates were read on a microplate reader (Molecular Devices, Menlo Park, CA) and analyzed with the use of a computer-assisted analysis program (Softmax; Molecular Devices). Only assays with standard curves with a calculated regression line value \> 0.95 were accepted for analysis.

Western Blot Analysis {#s2.10}
---------------------

MH-s cells were stimulated with flagellin (2µg/ml) or SP-A (20µg/ml) plus flagellin for 20 or 60 minutes in serum-free RPMI 1640 media. The cells were then lysed in lysis buffer (20mM Tris-HCL, pH 7.4, 150mM NaCl, 0.1% SDS, 1% NP-40, 1mM EDTA, 0.5mM DTT, 0.2mM PMSF). Protein was estimated using a detergent tolerant assay reagent system (Biorad, Hercules, CA) and equal amounts of protein were electrophoresed on an 8-16% Tris-glycine gel before being transferred onto a nitrocellulose membrane. The blot was sequentially probed, stripped and reprobed with antibodies to anti-phospho-p38 MAPK, p38MAPK and β-actin. Additional blots were probed with anti-phospho-ERK, anti-ERK, anti-phospho-IκB and anti IκB (all antibodies were from Cell Signaling Technology, Denver, MA). Primary blots were then incubated with the appropriate secondary antibody conjugated to horseradish peroxidase and developed by the ECL method. Western blot was also performed in separate experiments for caspase-1 (Santa Cruz, Santa Cruz, CA) on the MH-s cell lysates following stimulation. Membranes were rinsed and developed using enhanced chemiluminescence (ECL) detection reagents (Amersham, Arlington Heights, IL). Immunoreactive bands were identified by exposing the membranes to XAR film (Kodak, Rochester, NY). Densitometry was performed using the Image J free software program which analyzed the pixel area corresponding to each band.

Caspase-1 siRNA {#s2.11}
---------------

MH-s cells were transfected with On-Target plus Smart Pool siRNA Caspase-1 or On-Target plus Smart Pool control siRNA from Dharmacon (Lafayette, CO) via electroporation using the Mouse Macrophage Nucleofector Kit (Lonza, Basel, Switzerland). Briefly, MH-s cells were grown as described above and 1x10^6^ cells were resuspended in 100μL of Nucleofector solution. 100nM caspase-1 siRNA or control siRNA was added to the cell suspension and the cells underwent electroporation per manufacturer program using the Amaxa Nucleofector-II Device (Lonza, Basel, Switzerland). Transfection efficiency was determined by Western blot analysis of caspase-1 as described above. Cell viability at 48, 72 and 96 hours was determined microscopically after trypan blue staining. Following 48 hours of incubation cells were stimulated as described above and the media collected for the determination of cytokines.

Statistical Methods {#s2.12}
-------------------

In circumstances where 2 groups were being compared to each other, student's t-test was used to analyze the results; when 3 or more groups were being compared and data was normally distrubed, ANOVA was used with a post-hoc Bonferroni test. For some cytokine measurements, data were not assumed to be normally distributed; thus these data were analyzed by Kruskal-Walis ANOVA followed by a Dunn's multiple comparison test. Findings were considered statistically significant at probability levels \< 0.05.

Results {#s3}
=======

Pulmonary Inflammation {#s3.1}
----------------------

To identify SP-A specific regulation of flagella-provoked inflammation, the pulmonary inflammatory response was assessed following intra-tracheal instillation of PAK and *fliC* bacteria into SP-A+/+ and SP-A-/- mice. The intra-tracheal dose of PAK and *fliC* mutant for this study (10^8^ cfu) was determined based on previous studies \[[@B4]\]. Intra-tracheal administration of bacteria was well-tolerated and all animals survived the 24 hour study period. In SP-A-/- mice, increased number of cells were observed in bronchoalveolar lavage (BAL) fluid 6 and 24 hours after PAK infection. Prior studies of similar design have shown that \> 95% of BAL cells are macrophages \[[@B15]\]. In contrast, the cell numbers were similar between SP-A+/+ and SP-A-/- mice infected with *fliC* ([Figure 1A](#pone-0082680-g001){ref-type="fig"}). Infection with PAK significantly increased the pro-inflammatory cytokines TNF-α and IL-6 in BAL fluid from SP-A-/- compared to SP-+/+ mice 24 hours after infection. In contrast, no significant difference was observed for TNF-α or IL-6 in the lungs following *fliC* infection ([Figure 1C, D](#pone-0082680-g001){ref-type="fig"}). IL-1β was decreased in the lung of SP-A-/- compared to SP-A+/+ mice 6 hours following PA infection and no difference was observed at 24 hours ([Figure 1B](#pone-0082680-g001){ref-type="fig"}). Similar to TNF-α and IL-6, IL-1β was not different when the mice were infected with *fliC*.

![Increased total cell counts and pro-inflammatory cytokines in BAL fluid from SP-A -/- mice.\
Lung cells were recovered by BAL, stained with trypan blue and counted under light microscopy. Total cell counts were increased in the lung of SP-A-/- (closed bar) compared to SP-A+/+ (hatched bar) mice 6 (left panels) and 24 hours (right panels) following intra-tracheal infection with PAK. In contrast, total cell counts in the lung were similar between SP-A-/- and SP-A+/+ mice infected with *fliC* (A). IL-1β was decreased in the lung of SP-A-/- mice 6 hours following PAK infection and no difference was observed in IL-1β between SP-A-/- and SP-A+/+ mice following *fliC* infection (B). IL-6 and TNF-α were increased in the lung of SP-A-/- mice at 24 hours with PA infection, however there was no statistical difference in IL-6 or TNF-α between SP-A-/- and SP-A+/+ mice following infection with *fliC* (C, D). Data are mean ± SEM with n = 8 mice per group combined from 2 or more experiments, \*p\<0.05 compared to SP-A+/+ mice.](pone.0082680.g001){#pone-0082680-g001}

SP-A Binds and Enhances Phagocytosis of Flagellin {#s3.2}
-------------------------------------------------

To determine whether SP-A interacts with flagellin a direct binding assay was performed. Flagellin (20µg/ml) was bound to a plate and FITC-labeled SP-A was added at increasing concentrations. SP-A bound to flagellin in a dose dependent manner ([Figure 2A](#pone-0082680-g002){ref-type="fig"}). The primary structure of SP-A is characterized by four sequential domains including a short N-terminal segment, a collagen-like region, a hydrophobic neck domain and a globular C-terminal carbohydrate recognition domain. Removal of the asparagine-linked carbohydrate moieties or the collagen-like region from SP-A both diminished binding to flagellin ([Figure 2B](#pone-0082680-g002){ref-type="fig"}). We conclude that SP-A binding to flagellin is dependent on both the collagen-like and N-linked sugar domains of SP-A.

![SP-A Binds Flagellin and Enhances Macrophage Phagocytosis.\
Fluorescently labeled SP-A bound to flagellin in a dose dependent manner (A). Binding of SP-A to flagellin was reduced in the absence of the collagen-like domain (colSPA) or the asparagine-linked carbohydrate moieties of SP-A (degSPA) (B); p\<0.05 when compared to undigested SP-A. Phagocytosis of wild type PA was reduced, however phagocytosis of the *fliC* strain was similar between SP-A+/+ and SP-A-/- macrophages (C). Phagocytosis of flagellin by SP-A-/- alveolar macrophages was decreased compared to SP-A+/+ mice (D). Values for panel C were obtained from n=8 mice in each case combined from 2 experiments. Values in panel D were obtained from 4 mice combined from 2 experiments. One value for the SP-A+/+ mice in each experiment was normalized to 1, and other values are expressed relative to this normalization; p\<0.0001 relative to the SP-A+/+ sample in each comparison by student's t-test.](pone.0082680.g002){#pone-0082680-g002}

The number of PAK ingested by alveolar macrophages, as assessed by flow cytometry, were decreased in SP-A-/- compared to SP-A+/+ mice, however no difference in phagocytosis was observed for *fliC* ([Figure 2C](#pone-0082680-g002){ref-type="fig"}). Phagocytosis of flagellin alone was assessed by flow cytometry to determine if the difference observed in the uptake of PAK and *fliC* was due to the presence of flagella. Phagocytosis of flagellin was reduced by 50% when incubated with alveolar macrophages isolated from SP-A-/- mice *ex vivo* ([Figure 2D](#pone-0082680-g002){ref-type="fig"}). This data indicates that SP-A binds and enhances phagocytosis of flagellin.

SP-A Binds Scavenger Receptors to Enhance Uptake of Opsonized Particles {#s3.3}
-----------------------------------------------------------------------

These data suggested that SP-A enhanced uptake of bacteria via flagellin binding, but the mechanism of how this happens was not clear. We speculated that SP-A could bind to scavenger receptors to facilitate uptake. [Figure 3](#pone-0082680-g003){ref-type="fig"} demonstrates that purified SP-A binds to both macrophage scavenger receptor A I and II (SRA I and II) as well as to the macrophage receptor with collagenous structure (MARCO). Thus, these data suggest that SP-A, via its ability to bind to both flagellin and scavenger receptors facilitates bacterial phagocytosis.

![SP-A binds Scavenger Receptors.\
FITC-labeled SP-A was incubated with immobilized bovine serum albumin (BSA) or purified SRA-I, SRA-II, or MARCO. SP-A was able to bind to all three scavenger receptors suggesting a means to enhance phagocytosis of flagellated bacteria; n=3, \*p\<0.05 when compared to BSA control.](pone.0082680.g003){#pone-0082680-g003}

SP-A Increased IL-1β from Macrophages Stimulated with Flagellin {#s3.4}
---------------------------------------------------------------

Since IL-1β was reduced and TNF-α and IL-6 were increased *in vivo* with intra-tracheal infection of PAK and *fliC* in SP-A-/- mice, studies were performed on stimulated murine macrophage (MH-s) cells to determine the specific effects of SP-A on the macrophage response to flagellin. MH-s cells were stimulated with SP-A alone, flagellin alone or flagellin plus SP-A for 1 h and pro-inflammatory cytokines were determined in the media. SP-A did not alter the production of TNF-α or IL-6 by MH-s cells stimulated with flagellin during this shorter exposure ([Figure 4B, C](#pone-0082680-g004){ref-type="fig"}). In contrast, SP-A augmented the production of IL-1β by flagellin stimulated MH-s cells ([Figure 4A](#pone-0082680-g004){ref-type="fig"}). These findings are consistent with the PA infected mouse model revealing decreased IL-β in the lung in the absence of SP-A.

![SP-A Enhanced Flagellin Stimulated IL-1β Production.\
Concentrations of IL-1β, IL-6 and TNF-α, were assessed in the media of MH-s cells following stimulation with SP-A alone, flagellin or flagellin with SP-A. IL-1β, but not IL-6 or TNF-α, production was enhanced by flagella with SP-A after the 60min stimulation. Data is expressed as pg/ml and represent mean ±SEM, with n=6-10 separate samples/group. \*p\<0.05, \*p\<0.01, \*\*\*\*p\<0.0001 when analyzed by Kuskal-Walis ANOVA followed by Dunn's multiple comparison test.](pone.0082680.g004){#pone-0082680-g004}

SP-A Does Not Enhance TLR-5 Signaling in MH-s Cells Stimulated with Flagellin {#s3.5}
-----------------------------------------------------------------------------

To determine the specific role of SP-A in flagellin signaling responses in macrophages, MH-s cells were stimulated with SP-A, flagellin or flagellin with SP-A for 20 minutes and Western blot analysis was performed for active phosphorylated and inactive non-phosphorylated kinases p38, ERK, and IκBα ([Figure 5A](#pone-0082680-g005){ref-type="fig"}). Densitometry was performed on the Western blots and the results were reported as the phosphorylated protein divided by the non-phosphorylated proteins ([Figure 5B, C, D](#pone-0082680-g005){ref-type="fig"}). MH-s cells stimulated with flagellin expressed similar p38, ERK, and IκBα as cells stimulated with flagellin with SP-A. These findings suggest that the flagellin of PA does not contribute to the overproduction of TNF-α and IL-6 in the lungs of SP-A-/- mice 24 h following infection with PA.

![TLR5 Signaling is not Enhanced by SP-A Interactions with Flagellin.\
Immunoblot was used to compare the phosphorylated and non-phosphorylated TLR-5 signaling pathway including IκBα, ERK and p38 in cell lysates from MH-s cells following stimulation with SP-A, flagellin or flagellin with SP-A. Blot in panel A is a representative experiment. Densitometry was performed on three experiments with multiple replicates and expressed as the phosphorylated divided by the non-phosphorylated form (B, C, D). There were no significant differences between any of the stimulations. Data shown are from 20 minutes of stimulation, but there were also no differences between groups noted following 10, or 60 minutes of stimulation as well (data not shown).](pone.0082680.g005){#pone-0082680-g005}

SP-A Enhanced Flagellin Stimulated Production of IL-1β Is Caspase-1 Dependent {#s3.6}
-----------------------------------------------------------------------------

Since SP-A does not appear to enhance TLR-5 signaling it was hypothesized that SP-A enhances flagellin-stimulated IL-1β production through the caspase-1 activating inflammasome pathway. MH-s cells were transiently transfected with siRNA for caspase-1 (c si RNA) or a negative control siRNA (n si RNA). Cell viability as determined microscopically following trypan blue staining was \>80% in all transfections. Protein levels were determined by Western blot analysis revealing a decrease in the 45 kDa caspase-1 protein at 48, 72 and 96 hours in c si RNA treated cells ([Figure 6A](#pone-0082680-g006){ref-type="fig"}). Based on the reduced protein levels observed, at 48 hours the transfected MH-s cells were stimulated with SP-A, flagellin or flagellin with SP-A. Similar to the previous results without transfection, SP-A enhanced flagellin stimulated IL-1β production by MH-s cells transfected with n siRNA ([Figure 6B](#pone-0082680-g006){ref-type="fig"}). However, when caspase-1 was silenced, there was complete reversal of the SP-A enhancement of flagellin stimulated IL-1β production ([Figure 6C](#pone-0082680-g006){ref-type="fig"}).

![Silencing of Caspase-1 Reduced the SP-A Enhanced IL-1β Production Following Flagellin Stimulation.\
Caspase-1 was silenced in MH-s cells using siRNA (c siRNA) and negative siRNA (n siRNA). Reduced caspase-1 (45kD band) was observed by immunoblot 48, 72 and 96 following cell transfection of caspase-1 siRNA (A). SP-A enhanced IL-1β production following flagellin stimulation which was decreased when caspase-1 activity was reduced (B, C).](pone.0082680.g006){#pone-0082680-g006}

Discussion {#s4}
==========

Surfactant protein A (SP-A) enhances pulmonary clearance of *Pseudomonas aeruginosa* (PA) \[[@B4]\]. Consistent with current evidence, intra-tracheal infection of wild type flagellated PA resulted in increased inflammatory cell recruitment and pro-inflammatory cytokines IL-6 and TNF-α in the lungs of SP-A-/- mice which was not observed with mutant PA lacking flagella. In contrast, and not demonstrated in prior studies, there was decreased expression of IL-1β in the lungs of SP-A-/- mice intra-tracheally infected with wild type PA and an increase of IL-1β when macrophages were stimulated *in vitro* with flagellin in the presence of SP-A. This uniquely suggests that SP-A enhances macrophage IL-1β production with flagella stimulation. SP-A binds flagellin directly and enhances its phagocytosis, likely via enhancing the interactions with SRA and MARCO. Silencing of caspase-1 in macrophages *in vitro* reduced the SP-A enhanced IL-1β production following flagellin stimulation supporting a new role for the inflammasome in SP-A regulation of inflammation.

Following intra-tracheal installation of flagellated wild type PA, markers of inflammation including macrophage-lineage inflammatory cells, IL-6 and TNF-α were increased in the lungs of SP-A-/- mice after 24 hours of exposure ([Figure 1](#pone-0082680-g001){ref-type="fig"}). No statistically significant differences in cytokine production were observed with infection from the *fliC* mutant. The elevated IL-6 and TNF-α observed *in vivo* ([Figure 1](#pone-0082680-g001){ref-type="fig"}) was not observed in the *in vitro* studies ([Figure 4](#pone-0082680-g004){ref-type="fig"}) likely due to a difference in incubation time (1 h versus 24 h). Previous studies revealed a pro-inflammatory response in the lungs of SP-A-/- mice following infection with bacteria including gram negative *Haemophilus influenzae* and gram positive group B streptococcus \[[@B2]\]. Pulmonary clearance of mucoid PA is impaired in the lungs of SP-A-/- mice and is also associated with increased pro-inflammatory cytokines, including TNF-α and IL-6, in the lung compared to wild type mice \[[@B4]\]. Honko et al. observed elevated levels of TNF-α and IL-6 in the murine lung after intra-tracheal flagellin administration \[[@B16]\]. The expression of TNF-α and IL-6 is mediated through the NF-κB pathway and SP-A confers anti-inflammatory immune regulation by increasing the accumulation of IκB-α, the predominant inhibitor of NF-κB \[[@B17],[@B18]\]. In AMs, SP-A pretreatment caused a marked inhibition of lipopolysaccharide (LPS)-induced NF-κB activation \[[@B18]\]. SP-A has been reported to decrease TNF-α expression from rat alveolar macrophages stimulated with LPS \[[@B19],[@B20]\] and inhibits the production of several pro-inflammatory cytokines, including TNF-α and IL-1β from human alveolar macrophages stimulated with *Candida albicans* \[[@B21]\]. The current, as well as previous, studies support an anti-inflammatory role of SP-A in the lung following microbial infection.

SP-A bound flagellin in the presence of calcium in a concentration dependent manner. SP-A is a calcium dependent lectin and binding to macrophages, LPS, Toll-like receptor 4 and complement receptor 3 have also been shown to be dependent on calcium \[[@B22]--[@B24]\]. Binding of SP-A to CD-14 is independent of calcium and has been shown to occur through the neck region of SP-A \[[@B25]\]. In the current study, SP-A binding to flagellin required calcium suggesting the lectin domain in this interaction \[[@B26]\]. To further clarify the interaction of SP-A and flagellin, the asparagine-linked carbohydrate moieties or the collagen-like region from SP-A were removed using N-glycosidase or collagenase, which diminished binding to flagellin. This suggests binding to be occurring at the collagenase resistant fragment, which consists of the CRD and neck region of SP-A, and is consistent with previous findings of interactions with SP-A to conserved pathogen-associated molecular patterns (PAMPs), such as rough LPS and lipid A \[[@B19]\]. We conclude that SP-A binding to flagellin is dependent on both the collagen like and N-linked sugar domains of SP-A.

SP-A increased phagocytosis of wild type PA but not mutant PA lacking flagella *in vivo* and also enhanced phagocytosis of flagellin *in vitro*. SP-A increases phagocytosis of serum-opsonized *Staphylococcus aureus* by alveolar macrophages \[[@B27]\] and increases serum independent phagocytosis of *Escherichia coli*, *Pseudomonas aeruginosa* and *Staphylococcus aureus* \[[@B28]\]. Ingestion of bacteria by alveolar macrophages is important in the early elimination of some bacterial species from the lung and SP-A can enhance phagocytosis by macrophages \[[@B28],[@B29]\]. Our current studies confirm that SP-A can mediate binding to the scavenger receptors SRAI, SRAII and MARCO ([Figure 3](#pone-0082680-g003){ref-type="fig"}). Additionally, SP-A stimulates directional actin polymerization specifically in alveolar macrophages \[[@B30]\] and SP-A induction of phagocytosis utilizes pathways similar to those used by IgG, dependent on tyrosine kinases, protein kinase C and actin polymerization but not on microtubule activity \[[@B31]\]. Delayed ingestion of PA by alveolar macrophages may be one of the factors that allow PA infection to be established in the lung. Intra-tracheal administration of SP-A increased phagocytosis of group B streptococci (GBS) in SP-A-/- mice suggesting that SP-A plays an immediate and direct role in the clearance of GBS by directly binding to these organisms and acting as an opsonin \[[@B32]\]. Previous studies report that flagellin is important for non-opsonic phagocytosis of PA \[[@B8]\]. Similar to the current results, Zhang et al. determined that SP-A increased macrophage phagocytosis of a wild type flagellated PA strain but not the mutant *flgE* PA lacking flagella function \[[@B7]\]. In the absence of SP-A, macrophage phagocytosis of wild type PA is decreased and the flagella of PA are important for SP-A enhanced phagocytosis.

Flagellin signals through the TLR-5 pathway in macrophages but no further increase in the TLR-5 signaling pathway was observed in the presence of SP-A. Flagellin interacts extracellularly with TLR-5 \[[@B9]\] and intracellularly with the inflammasome \[[@B11]\] to produce IL-1β. Inhibitor of kappa B (IκB), extracellular regulated kinase (ERK) and p38 MAP kinase are all intermediate signaling proteins phosphorylated downstream when flagellin binds to TLR-5. Descamps et al. suggested that TLR-5 signaling is critical for flagella-induced IL-1β production and ultimate killing of PA by alveolar macrophages \[[@B33]\]. However, following infection of alveolar macrophages from TLR-5-/- mice with flagellated salmonella and flagellated PA, IL-1β production was still detectable \[[@B10],[@B12]\]. This suggests the activation of an alternative pathway for IL-1β production, such as the inflammasome. SP-A inhibits macrophage production of TNF-α following stimulation with LPS independent of TLR-4 (the LPS binding receptor) since TNF-α production was also decreased by SP-A in TLR4-deficient mutant macrophages \[[@B34]\], suggesting other pathways in which SP-A regulates inflammation. Since IL-1β levels increased after flagellin stimulation, independent of the TLR5 signal transduction pathway, SP-A may be enhancing IL-1β expression through the inflammasome pathway; a conclusion supported by our current studies.

SP-A augmented the flagellin stimulated production of IL-1β by macrophages. This result was consistent with the *in vivo* observation of decreased IL-1β expression in the lungs of SP-A-/- mice exposed to flagella. Although TNF-α, IL-6 and IL-1β are all pro-inflammatory cytokines they appear to be differentially regulated by SP-A in the lung following flagella stimulation. SP-A did not enhance flagellin stimulated IL-1β expression when caspase-1 was silenced in macrophages supporting a role for SP-A through the inflammasome pathway. It is possible that SP-A serves as an opsonin enhancing intracellular flagellin through phagocytosis independent of the TLR-5 receptor rendering the flagellin available to intracellularly interact with the inflammasome to generate IL-1β. SP-A binds several phagocytic receptors including CD14, complement receptor 3 and scavenger receptor \[[@B22],[@B25],[@B35]\] that may provide an entry point for SP-A opsonized flagella into the phagosome. We provided evidence in the current study that SP-A directly binds flagellin as well as the two most common scavenger receptors present on alveolar macrophages \[[@B36]\]. This likely facilitates bacterial phagocytosis. How the bacteria or flagellin escape the phagosome to enter the cytoplasm is still unclear. The cytosolic nucleotide-binding and oligomerization domain (NOD) like receptors (NLRs) would then be able to recognize the flagellin in the cytosol \[[@B37]\]. Thus, a conceivable model to explain these results is that SP-A binds and enhances phagocytosis of flagella stimulating IL-1β production through the inflammasome pathway.

SP-A enhanced flagellin stimulated IL-1β production may be important for the clearance of PA. Pulmonary clearance of intra-tracheally administered PA is reduced in SP-A-/- mice associated with increased lung inflammation \[[@B4]\]. Though IL-1β may be destructive to the lung, it also participates in the killing of bacteria by contributing to the maturation and acidification of the phagosome \[[@B33],[@B38]\]. In addition, mice lacking the IL-1 receptor (IL-1R1-/-) were unable to kill PA, providing additional support for a role for IL-1β in killing PA \[[@B33]\]. Also, IL-1β stimulation results in the generation of inducible nitric oxide synthetase (iNOS) from cytokine activated macrophages \[[@B39]\] resulting in the production of nitric oxide (NO). SP-A has directly been implicated in the production of NO \[[@B13]\] and NO has significant bactericidal effects against PA \[[@B14]\]. Therefore, SP-A may enhance clearance of PA, in part, by enhanced flagellin mediated bacterial phagocytosis and increased killing of the bacteria through IL-1β. Additionally, by increasing flagella substrate intracellularly, SP-A may indirectly be driving NLRC4 inflammasome function, resulting in increased activation of caspase-1. Byrne et al. demonstrated increased macrophage self-degradation, known as autophagy, occurring with intracellular flagellated *Legionella pneumophila* activating the NLRC4 inflammasome, increasing clearance of the bacteria in addition to raising the occurrence threshold of proinflammatory cell death known as pyroptosis \[[@B40]\]. Supporting NLRC4 influenced bacterial clearance, *Salmonella enterica* promotes its own survival and prevents the clearance of infection by down regulating NLRC4 in B-cells \[[@B41]\]. Therefore, SP-A may be promoting the clearance of PA infection by both the activation of the inflammasome and the production of IL-1β.

In summary, the present study supports a new role for SP-A in binding and enhancing the clearance of flagellin, mediated in part by enhanced IL-1β production likely through the inflammasome pathway. We speculate that reduction of SP-A in the lungs of patients with inflammatory lung diseases such as bronchopulmonary dypslasia (BPD), cystic fibrosis and ventilator associate pneumonia increases the susceptibility to pneumonia and sepsis.
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